ABSTRACT: In order to improve the thermal energy utilization efficiency of aircraft, an integrated thermal management system model using endothermic fuel has been created in AMESIM. The system includes several thermal subsystems such as environment control system, the hydraulic equipment and power equipment cooling system, and anti-icing/de-icing system. The fuel oil was chosen for heat sink and it could cool the exothermic thermal system and transmit the energy to anti-icing/de-icing system in case of icing. Several simulation examples including three atmospheric conditions were accomplished. The results indicated that the present system had the ability to reuse the waste heat meanwhile all the thermal system worked normally. The anti-icing/de-icing didn't need additional energy which realized less energy consumption. In addition, the model has the ability to facilitate the analysis and optimization of thermal systems on board.
INTRODUCTION
As we all know, aircrafts have several thermal systems, including fuel system, environmental control system, anti-icing/de-icing system, power supply system, etc. Traditionally, they were designed separately at a subsystem level. Such a design philosophy was sufficient due to the low thermal resistance of the airframe skin and the relatively small amount of power required by the electrical loads. Modern aircraft whose composite skins have a high thermal resistance has limited heat dissipation ability of fuel tanks and it leads to the heat loads on board difficult to disperse. At the same time the size of the power system has increased hugely to support numerous high-power loads that increase the internal heat generated within modern aircraft [1] [2] [3] . In addition, several components such as wings should be heated to prevent ice formation, for which a lot of energy will be required if using electric or hot-air.
Integrated aircraft thermal management system (ITMS) could realize the reusing and management of thermal energy. The waste heat that mainly comes from aircraft environment control system, hydraulic devices and power equipment is transferred into the fuel sink as secondary energy source by high-effective heat exchangers. Then the heated fuel flows into the anti-icer, where the heat of the fuel is transferred to the skin of the anti-icer. Finally the cooled fuel flows back into the fuel tank and the whole cycle is finished.
In order to verify the effect of integrated thermal management system, an ITMS model was developed in AMESIM. The ITMS model could calculate the dynamic parameters like temperatures of the fuel and the skin of anti-icer within a whole flight profile. And it can be modified to calculate and compare the fuel dynamic temperature or the effect of anti-icing in the conditions of different control strategies or multiple missions, facilitating thermal system design and optimization.
MATERIAL AND METHODS
ITMS model which was designed based on a typical aircraft is composed of fuel tanks, environmental control system, hydraulic equipment cooling system, power equipment cooling system and anti-icer as show in Figure 1 . The fuel is pumped out of main fuel tank (tank 1). Subsection of it is sent to the engine and the rest is sent to the fuel-air heat exchanger. The fuel absorbs heat form the exhaust gas of environment control system. Then the fuel flows through fuel-hydraulic oil heat exchanger and fuel-lubricating oil heat exchanger absorbing heat released by hydraulic equipment and power equipment. The heated fuel flows into anti-icer and releases heat. Finally, the cooled fuel flows back into the three tanks.
Several fluids are used in the model including fuel oil, hydraulic oil and lubricating oil. Their temperatures are limited by the pour point and ignition point as shown in Table 1 .
Carbon fibre-epoxy composite material is used for aircraft skins and aluminium is used for the fuel pipes. Figure 2 . The fuel tank model uses a single node approach for fuel and gas in tanks. Convection heat transfer is assumed between the fuel and skin, the gas and skin, the external air and skin. But the heat transfer between the external air and skin is forced convection and others are natural. The upper skin of the tank has an interface with gas and the bottom skin has an interface with fuel. The vertical walls of the fuel tanks are part of fuselage structure and the heat transfer is ignored. The internal natural convection heat transfer is computed by piloted conducive exchange component using the following formulas [4] [5]:
Where is Grashof number and it is calculated as follows:
Where g is the acceleration of gravity, α is the coefficient of cubic expansion, ∆t is temperature dif- ferential, l is characteristic size and ν is kinematic viscosity coefficient. The values of C and n are determined by the direction of heat flux as show in Table 2 . The external convective temperature must be determined for calculation of external convective heat flow, and it is given as [6] :
The external forced convention heat transfer is calculated using a flat plate heat transfer coefficient. The Nusselt number for laminar and turbulent flow is given as [7] : 
And the heat transfer coefficient is calculated as:
Environment control system
The environment control system model is created with mass and temperature source component, gas-liquid heat exchanger component, thermal chamber component and heat flow source component. The electronic device heat load is simplified as heat flow source, and the system is simplified as a model showed in Figure  3 . Heat is absorbed from the electronic devices by the bleed air and then transferred into fuel by an air-fuel heat exchanger. The waste heat is transmitted to fuel by an air-liquid heat exchanger. The convective heat exchange between the gas and the wall is computed as follows: (6) Where hair is convective exchange coefficient, S is the exchange area, Tair is the air temperature and Tw is the wall temperature.
The convective exchange coefficient is computed from the Nusselt number which is a function of the air Reynolds number and Prandtl number. The correlation used for Nusselt number corresponds to the case of internal flow convection in circular tubes.
The convective heat exchange between the gas and the wall is computed by the same way.
Hydraulic and power equipment cooling system
Hydraulic equipment cooling system model consists of thermal hydraulic tank component, fixed displacement pump component, heat flow source and fuel-hydraulic oil heat transfer exchanger, etc. The hydraulic equipment is simplified as a heat flow source and the heat is absorbed by hydraulic oil and transferred to fuel.
The power equipment cooling system model is similar with hydraulic cooling system model except that the power equipment is cooled by lubricating oil. The waste heat is transmitted to fuel by a liquid-liquid heat exchanger. In order to compute the number of heat transfer units NTU of the heat exchanger, the overall heat transfer UA has to be calculated: UA
where Rliq1 and Rliq2 correspond respectively to the thermal resistance between the wall and the liquid at two sides of heat exchanger. Rwall is the wall thermal resistance.
And finally the number of heat transfer units NTU is computed as follows:
where Cmin is the minimal heat capacity of the two liquids.
Anti-icer model
The anti-icer is a skin heat exchanger where the heat in fuel is used to heat skin and finally transferred into the external cold air. Flat tubes are used for fuel and one side of tubes fit skin closely as shown in Figure 5 . The internal surface of skin is heated by hot flat tubes to maintain the temperature of skin over 0°C in the icing condition. In the other conditions, the anti-icer is merely used for cooling the fuel in flat tubes. The anti-icer model is created with thermal capacity component, thermal pipe with heat exchange component, external convective exchange component, radiative exchange component, heat flow component, etc. Convective heat transfer and radioactive heat transfer have been considered on the external surface of anti-icer. However they are not merely the only types of heat transfer in the icing condition. Other heat flows are:
1) The heat flow absorbed by evaporation of collected water; 2) The heat flow used to heat collected water;
3) The heat flow converted of water drops kinetic energy. The heat flows could be calculated based on Messinger model [8] . The heat flow absorbed by evaporation of collected water is given as:
Where Pv, w is the saturated vapour pressure at the local skin temperature Tw and Pvq is the local vapour pressure at the edge of the boundary layer at the local relative humidity.
The collected water will be heated to the temperature the same with the skin and the heat flow is calculated as: (11) Where W is the water collection coefficient, and Cw is the thermal capacity of collected water.
The heat flow converted of water drops kinetic energy is calculated as:
The heat flow component in anti-icer model is used to input the three types of heat flows and the temperature of skin is given by:
where q is the heat conduction in skin and q is the convective heat transfer from the skin to the external air stream.
Fuel temperature control strategy
The temperature of fuel is limited by several factors mentioned above. So, some control strategies as showed are presented to maintain the temperature of fuel within the limits through a whole mission profile.
Fuel cooling control
Normally, the anti-icer is used to cool the hot fuel and heat the skin of anti-icer, especially in the icing condition [9] . However, if the temperature of fuel in fuel tank 1 is lower than 25°C which is not high enough for anti-icing, the anti-icer will be closed to increase fuel temperature of tank 1 and if the temperature increases to 35°C it will be opened again. However, if aircraft is suffering from icing condition, the anti-icer must be opened.
Fuel return control
In order to reduce the heat dissipation by convective heat transfer of skin surface, all the return fuel will flow into fuel tank 1, in this way most of the thermal energy will be stored in tank 1. However if the fuel temperature of tank 2 or tank 3 the return fuel will flow into them to increase the fuel temperatures. is lower than -30℃ near minimum temperature limit, part of
Fuel transportation control
The main fuel tank is used to supply fuel to engine directly, thus there must be enough fuel in it. In this paper a PID model is used to control fuel transportation. The fuel in tank 2 and tank 3 will be pumped to maintain the balance of the fuel in tank 1.
RESULTS AND DISCUSSION
A typical aircraft is modelled over a 420 minutes mission. The intention of the mission profile, depicted in Table 3 , is to demonstrate performance of the ITMS. The ambient conditions for the mission are chosen by standard atmosphere, 10% hot day and 10% cold day. Table 3 . Mission profile.
Stage
Time (minute) Altitude (m) Velocity (m/s) Take-off 6  500  50  Climb1  18  5000  82  Climb2  18  10000  147  Cruise  300  13000  147  Glide1  48  1020  147  Glide2  18  5300  81  Landing  12  450  55 The cooling requirements vary during the flight mission, and they are given in Table 4 . Aircraft may suffer from icing conditions in Climb1 and Glide2 stages. The icing conditions are chose by Continuous Maximum Icing Conditions in FAR-25 and are showed in Table 5 . Fuel temperature in the tanks is an important evaluation index for ITMS. Figure 7 compared the change of the fuel temperatures in different tanks and different atmosphere conditions. The temperatures of fuel were all varying during the limits with the help of the control strategies. Since the fuel in tank 1 was used for anti-icing directly so its temperature was maintained high under the control strategies. Thus in the figure7, the fuel temperature in tank 1 was the highest during almost all the time. The difference between fuel temperatures of tank 2 and tank 3 were mainly caused by the skin surfaces. The surface of tank 3 is much bigger than tank 2, so the fuel temperature of tank 3 varied at a higher rate. The fuel temperatures in Figure 7 fluctuated during the flight envelope. It was mainly caused by controls the changes of flight conditions. In 10% hot day the external air temperature was much higher, so the fuel temperatures declined more slowly in Climb, Cruise and Glide stages. And it leaded to less triggering of control actions. So the temperature oscillation in 10% hot day was less than others. When comparing the fuel temperature oscillation of three tanks, the fuel temperature of tank 1 was influenced by both the fuel cooling control and the fuel return control at the same time, so it changed more frequently and irregularly.
Despite all the fuel temperatures didn't exceed the limits, fuel was still at the risk of overheating in hot day (Figure 7b) . The maximum temperature of fuel in tank 1 exceeded 45℃ because of the hot temperature of the external air and the small skin surface for heat dissipation. In addition, the fuel temperature control strategy may be not completely appropriate in hot day because there aren't icing conditions in hot day so aircraft doesn't need anti-icing. A control strategy special for hot day may improve it. Figure 8 shows the anti-icer temperature in the whole mission profile. The anti-icer temperatures during the icing conditions were circled with red colour. The temperature was always higher than freezing temperature. And it illustrated that the anti-icer was effective for anti-icing. Due to the small thermal capacity of anti-icer, the temperature of it changed rapidly but it didn't affect the performance of ITMS. During the mission except icing condition, the anti-icer just was used for heat dissipation.
In hot day and cold day, aircraft will not suffer from icing condition, so anti-icer merely plays a role of fuel cooler and its temperature can't reflect the effect of the anti-icer [10] . Thus the temperatures of anti-icer weren't discussed in this paper. 
CONCLUSIONS
An integrated aircraft thermal management system which could cool the thermal devices on board and supply thermal energy for anti-icer is presented and some fuel temperature control strategies were created for the system. The ITMS model was created in AMESIM for system analysis and three atmospheric conditions were included to calculate the dynamic temperature of fuel in a general mission profile. The result illustrated that ITMS can recycle the exhaust heat of thermal systems and can reserve it in the fuel. Meanwhile, the ITMS could be realized reuse of the thermal for anti-icing which reduced the energy consumption. Since the thermal systems were integrated, the system became less complex. The ITMS performance in hot day and cold day was also simulated. The result indicated that the system can work effectively in the hot and cold atmospheric conditions, thus the ITMS created at present is of generality.
